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ABSTRACT
Inflatable structures are essential for a wide variety of applications due to
their lightweight and high stiffness capabilities. Having a low storage volume,
they can quickly be pressurized to produce a rigid and rapidly deployed structure.
Due to their increasing popularity, research on air-inflated drop-stitch structures
is becoming more common. However, little work has examined liquid-inflated
structures. There are unresolved questions about the effect that liquids have on
the materials and a lack of engineering data for designing components that are to
be pressurized with a liquid.
The objective of this research is to determine the mechanical response of a
water-filled drop-stitch inflatable panel. Drop-stitch panels can be manufactured
with several different materials and construction methods. The panel evaluated in
this research is commercially manufactured with a PVC-laminated, knitted fabric
material. Using both air and water to pressurize the panel, inflation tests and
three-point bend tests were conducted for each inflation method, then compared.
Classical beam theory was used to model beams in three-point bending.
For the inflation tests, average strain values were determined with threedimensional digital image correlation up to 10 psi. Results show increased strain
in the skin when inflating the panel with water. For the three-point bend tests,
the panel was tested at 5, 7.5, and 10 psi, and the weight of the water was treated
as a uniform load. The theoretical deflection due to superposition of the uniform load and the concentrated mid-span load is compared to the deflection that
was obtained experimentally. The results of this research suggest that inflating a
panel with water results in a slightly higher bending stiffness as compared to an
air-inflated panel.
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CHAPTER 1
Introduction
1.1

Overview
The term “drop-stitch” refers to two skins connected by a set of drop yarns.

The skins consist of a lightweight fabric that is manufactured with a woven or
knitted pattern. During the weaving or knitting process, the yarns are dropped
between the layers of the fabric, connecting the two skins. Once inflated, the yarns
will be at full extension, creating the desired distance between the two skins, as
seen in Figure 1.

Figure 1: Drop-stitch panel layers [1]
To prevent any leakage from the enclosed structure, the skins are coated by laminating layers of an elastomeric material (rubber, PVC, urethane, neoprene, etc)[2].
1

Drop-stitch inflatable structures differ from a typical inflatable structure because the shape of the structure is determined by the length of the yarns when inflated. With a sufficient distribution of drop-stitching, a flat panel can be achieved.
Once the panels are pressurized, the fabric becomes pretensioned, resulting in a
firm structure that provides high stiffness in axial, bending, shear, or torsion.
Inflatable structures have exceptionally high stiffness considering their minimal
weight and packaging volume. They also have the advantage of a fail-safe collapse
in the case of an overload. Upon removal of excessive loads, they are able to return
to the original configuration, usually with no damage to the fabric [3]. In general,
the stiffness of the structure has been observed to be a function of inflation pressure. The shape and fabric architecture also affect the panel stiffness. For this
reason, the same panel will be inflated with air and water and the mechanical
response for each inflation fluid will be compared.
1.2

Motivation
Lightweight and high stiffness structures are growing in significance in the mil-

itary and space communities. Specifically for marine applications, “Rigid Inflatable
Boats (RIBs), inflatable causeways and bridging, and launch and recovery systems provide unique solutions for temporary structures during sea-based missions.
When performance specifications demand minimal weight and stowage, rapid deployability and temporary rigidity, solutions are limited to inflatable structures
constructed of flexible materials.” [4]. A future area of interest is the use of liquidinflated structures in marine applications. There could be numerous applications
for water-inflated drop-stitch structural components due to the incompressiblilty
and weighted nature of water compared to air.
For land applications, water-inflated panels can act as a heavy temporary wall
or weighted base plate, whether it’s to anchor other air-inflated structures or to
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use as a rapidly deployable dam. An example of an atypical dam could be to use
heavy inflatables to seal large-diameter tunnel sections for preventing propagation
of flooding [5]. Another possible application could be to use the panels as flat,
sturdy storage tanks. Multiple storage tanks can then easily be stacked and filled
with water, fuel, oil, etc. Once emptied, the tanks can be collapsed to occupy
much less space than typical storage tanks.
One clear disadvantages associated with a water-inflated panel compared to
an air-inflated panel is that it no longer has the lightweight to high stiffness ratio.
Air-inflated panels can easily be transported once inflated, but that is not the case
for a water-inflated structure. In some potential applications, panels are filled with
the same water that they are interacting with, meaning the panel will be neutrally
buoyant for underwater applications. Neutrally buoyant applications could include
having flexible, stowable drop-stitch panels deployed at sea and filled with sea water
to provide a rigid structural element under the sea surface. The panels are quite
rigid and can be moved around underwater, not having to be held down. After use,
they can easily be emptied, collapsed, and rolled up for confined storage. Finally
for a floating application, there could be a structure where some compartments
are filled with water to act as ballast tanks in order to vary the weight and trim of
a multicompartment item on the water’s surface. With several such applications
in mind, this research aims to provide data to inform and validate future designs
of liquid-filled panels.
1.3

Objective
The goal of this research is to analyze a commercial drop-stitch inflatable

panel [1]. This work extends results of recent studies by Alich [6] and Smith [7].
While the commercial panels evaluated in this study exhibit a different mechanical
response as compared to panels investigated in their studies, results will provide
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insight into the general behavior of drop-stitch panels. Furthermore, developing a
test procedure for water-inflation is beneficial as it will provide guidance for future
studies of water-inflated panels. Through the use of three-dimensional digital image correlation, deformation of the entire panel can be measured during inflation
and bending of both air and water-inflated panels.
The following chapter, Chapter 2, will review the some of the literature related
to inflatable structures. Pressurizing inflatable structures with water is an unexplored area, but there is related research that is still relevant. There are studies
of inflatable panels and tubes, as well as several analyses on three-point bending
models and skin properties. Chapter 3 focuses on the methodology of setting up
the experiments. The theory and preparation that was required before physical
experimentation will be discussed. Chapter 4 discusses the results of the testing,
and Chapter 5 presents final conclusions and recommendations for future work.

4

CHAPTER 2
Literature review
2.1

Early Inflatable Research
Although drop-stitch technology is still being developed, research on air-

inflated structures dates back multiple decades. In 1966, Fichter derived nonlinear
equilibrium equations for twisting, bending, and stretching of pressurized thin-wall
cylindrical beams [8]. Examples of column buckling and column bending illustrate
the theory in order to verify the load-carrying capacity depends on the beam’s internal pressure. In later years, Steeves released a series of reports starting in 1975,
related to the use of inflatable beams to construct lightweight tents for the Army
[9]. The report discusses a detailed presentation of the theory for a beam’s loadcarrying capacity along with theoretical results. The theory was then validated
when the predictions of the strength and deformation of the inflatable members
were compared to experimental results [10]. With modern applications of dropstitch inflatable structures, many new materials and structure shapes are being
developed, making it even more challenging to predict their behavior.
2.2

Panel Skin Material
Much of the literature that inspired this research is more recent and based

around naval applications. From a report in 2003, Cavallaro et al.[11] began investigating pressure-stabilized beams because previous technologies were not adequate for reliable structures to be analytically designed. It is stated that many
advancements of structural-fiber materials and weaving/braiding/knitting technologies have improved the load-carrying capacity of inflatable structures, making
them more suitable for military applications. Results show that the fabric’s elastic modulus appears to be pressure dependant, and that the neoprene/urethane
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coating plays a significant role in stiffness. The coated beams were shown to carry
approximately twice the load of uncoated beams. In 2006, Cavallaro and Sadegh [3]
made further developments in characterizing these materials and inflated beams.
Unlike homogeneous material, many fabrics can have their elastic and shear moduli vary not only with pressure, but also with fabric architecture, external loads,
and coatings. As seen in Figure 2, a multi-axial testing device was designed to simultaneously measure the fabric response under biaxial tension and shear loading
[3].

Figure 2: Combined biaxial tension and in-plane shear test fixture
(U.S. Patent No. 6,860,156)
Biaxial tension simulates skin stresses in the fabric due to inflation. When the
skin is constructed from a woven fabric, the fibers in the direction of the length of
the panel are called the warp, and the fibers in the direction of the width of the
panel are called the weft. The warp and weft directions display different material
properties, resulting in an orthotropic material.
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Since no relevant literature on pressuring the panels with water is currently
available, it is unknown how the skin material and panel response will be affected.
Panels that are inflated to a certain pressure should experience the same internal
stresses regardless of whether the inflating fluid is a gas or a liquid. If the forces
are the same for both air and water, it may actually be safer to test maximum
pressures for inflatable structures with water. Similar to concepts for testing pipes,
the compressibilty of air behaves hydraulically equivalent to a large mechanical
spring, making it dangerous if something were to rupture during a high pressure
air test. At equivalent pressures, compressed air stores considerably more energy
as compared to a pressurized liquid [12].
2.3

Models of Inflatable Beams in Bending
In 2013, further research was conducted by Cavallaro et al. [2] on drop-

stitch panels, specifically relating to four-point bend tests. In this research, the
panels were subjected to bending loads of nearly 700 lbs, corresponding to a midspan deflection of 6 inches at an inflation pressure of 30 psi. It was determined
that the Euler-Bernoulli beam theory cannot characterize inflatable beams due to
the fact that this theory neglects transverse shearing, thus underestimating beam
deflection. Due to an apparent pressure-dependency of the effective shear modulus
in their experiments, the shear modulus was computed at 5 psi increments from
5 - 40 psi. Applying beam theory and including the effect of shear deformation,
the authors also derived expressions for the longitudinal and hoop stresses and the
apparent elastic moduli.
Other examples of inflatable structure bending response include cantilever
beams [13] and, more commonly, three-point bending. One three-point bending
theory by Wieblgosz et al. [14] in 2000 treated an inflated panel and tube as “tight
yarns”. For a simple deflection equation that is pressure dependant, the experi-
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mental results were fairly accurate at lower pressures. In 2002, a more thorough
model was developed and compared with experimental results for higher pressures
[15]. Deflections and wrinkling loads were derived from equilibrium equations and
the experimental results correlate well with the theoretical predictions. Another
study [16] derived a deflection equation for inflatable panels, and with the use of
an effective elastic modulus at each pressure, found the linear relation between
pressure and the elastic modulus.
In 2019, Alich [6] and Smith [7] conducted parallel research on a drop-stitch inflatable panel under four-point bending. Smith performed tensile tests to determine
the material properties of each distinct skin layer. This along with experimental
bend tests of the panel at 5, 10, 15, and 20 psi were compared to an analytical
model. The panel at each pressure was deflected 6 inches and was shown to kink
at the load application points, especially at lower inflation pressures. The kinking
angle was introduced as a new parameter to the classical beam theory to better
predict behavior. Alich created a finite element model of a drop-stitch panel under
four-point bending and directly correlated them to Smith’s experimental results.
Although the model does not correlate exactly with the experimental results, it
provides a reasonable estimate for the pressure-dependant stiffness of the panel
without the need for introducing pressure dependent skin properties. It was concluded that more information on the orthotropic skin behavior during inflation is
likely needed to increase the model accuracy.
Orthotropic properties have been studied most recently by Buglio [17]. The
results show that the drop-stitch skin mechanical properties are sensitive to load
conditions, with uniaxial and biaxial experiments underestimating the effective
stiffness of inflated panels subjected to bending loads.
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2.4

Digital Image Correlation
Digital Image Correlation (DIC) is a non-contact method of measuring dis-

placements, strains, strain rates and velocities of an object. It is used to measure
the evolving full-field coordinates on a surface of a testing piece, whether it be a
2-dimensional (2D) or 3-dimensional (3D) coordinate system. A highly in-depth
guide is constantly being updated and improved by the International Digital Image
Correlation Society (iDICs) [18]. The guide reviews an introduction, background,
preparation, as well as post-processing for DIC. They note a list of tips, recommendations and cautions in order to have a successful test. Many others have also
included information on DIC into their literature, including Shukla and Dally [19],
who thoroughly explain the mathematical theory of DIC. More information on the
theory of DIC will be included in Section 3.2.4.
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CHAPTER 3
Methodology
3.1

Background
Mechanics of materials is a branch of applied mechanics that is the founda-

tion for understanding mechanical behavior. Predicting the mechanical response of
bodies that are subject to various loads is essential for the safe design of all structures. To fully understand mechanical behavior, material testing is required for
determining the properties of solids, as it is required for the calculations of stress,
strain, and displacements produced by a load. As with drop-stitch material, many
theoretical computations must be validated with experimental measurements.
3.2

Theoretical Foundation
To analyze the relation of air and water-inflated panels, inflation and bend

experiments will be conducted on the panel. For this research, the three-point
bend tests will be modeled with classical beam theory calculations. Because the
panel will only undergo a 1 inch deflection, the effects of shear [2] and the kinking
parameter [7] are assumed to be negligible. Surface strains will be measured during
inflation with both air and water to compare the effect on the mechanical response.
3.2.1

Material Properties

The simplest experiment to determine material stiffness is the tension test for
which Hooke’s Law can be expressed as
σ = E

(1)

where σ is the axial stress, defined as the axial load divided by the cross-sectional
area of the test specimen, E is the modulus of elasticity of the material, and  is the
axial strain, defined as the change in length divided by the original length. This law
10

applies to isotropic materials, or materials with identical properties in all directions.
Many drop-stitch materials are considered to be orthotropic because their material
properties change when measured from different directions. Orthotropic materials
exhibit three symmetry planes, which, for the case of woven fabrics, are taken to
be the warp, weft and through-thickness directions.

Figure 3: Knitted-fabric skin material
For this research, the skin is a PVC-laminated, knitted fabric as shown in Figure 3. It is expected that the knitting pattern is similar to a weave pattern such
that it behaves differently in the warp and weft directions [3]. Orthotropic materials typically display unique material properties in three orthogonal directions,
but due to the loads being primarily in-plane, the in-plane behavior is of primary
interest. The generalized Hooke’s law for two-dimensional orthotropic materials
[20] can be written in matrix form as,



 
 
σ1
Q11 Q12 0
1
 σ2  = Q12 Q22 0   2 
γ12
τ12
0
0 Q66
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(2)

where direction 1 and 2 are the warp and weft directions, respectively. The stiffness
constants are
Q11 =

E1
1 − ν12 ν21

Q22 =

E2
1 − ν12 ν21
(3)

Q12 =

ν12 E2
ν21 E1
=
1 − ν12 ν21
1 − ν12 ν21

Q66 = G12

where ν12 and ν21 are the Poisson ratios in each direction. Because of the symmetry
in the stress-strain relations, the following identity is obtained:
ν12
ν21
=
E1
E2

(4)

A detailed evaluation of the skin properties for a similar commercial dropstitch panel was completed by Buglio [17], in which the Poisson ratios were determined via uniaxial tensile testing. In this study, the panel response during inflation
to pressures of 5, 7.5, and 10 psi for both air and water-inflation will be evaluated.
3.2.2

Three-Point Bending

Three-point bending refers to a simply supported beam subjected to a central
point force F as shown in Figure 4, with the z-axis going into the paper.

12

Figure 4: Three-point bend schematic
For a standard beam, the differential equation for the deflection curve is given by
[21],
EIz

d2 y
= −M
dx2

(5)

where Iz is the moment of inertia of the cross-sectional area A with respect to the
z-axis, and M is the bending moment. The calculation of Iz for an inflatable panel
with constant thickness t can be calculated using the cross-sectional profile shown
in Figure 5.

Figure 5: Cross-sectional area of an inflatable panel
The area moment of inertia for the entire cross-section can be approximated by
partitioning the cross-section into four sections, two rectangles and 2 semicircles.
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For a semicircle,
Isemicircle =

πr4
8

(6)

and for a thin-walled semicircle, the area moment of inertia is simply the difference
between Equation 6 for the inner and outer radii,
Iz,semi =

πr0 4 πri 4
−
8
8

(7)

Iz,semi =

π 4
(r0 − ri 4 )
8

(8)

which simplifies to

Using the relations for the radii,
r0 =

h
2

ri =

h
−t
2

(9)

Equation 8 results in
Iz,semi =

4 i
π h h 4  h
−
−t
8 2
2

(10)

The moment of inertia for a rectangular section can be found given the distance d
from the z-axis and the fact that
Irectangle =

wt3
12

(11)

using the parallel axis theorem [22].
Iz,rect =


wt3
t 2
+ wt d +
12
2

(12)

Relating d to known panel dimensions gives
d=

h − 2t
2

(13)

Substitution into Equation 12 yields
Iz,rect

 h − t 2
wt3
=
+ wt
12
2
14

(14)

Therefore, the total moment of inertia for two rectangles and two thin-walled
cylinders is
4 i
 h − t 2 i
 wt3
π h h 4  h
−
−t
+2
+ wt
Iz =
4 2
2
12
2

(15)

From Equation 5, the deflection at any point on the beam can be derived for a
concentrated point force F , as shown Figure 4. The deflection for any point x ≤ a
can be found by substituting the expression for the bending moment.
EIz

d2 y
Fb
=− x
2
dx
`

For a centrally applied force, a = b =

`
.
2

(16)

Integrating twice and applying the

boundary conditions
dy
dx

=0

y

x= 2`

x=0

=0

(17)

results in an equation for the deflection v in the y-direction,
v(x) =


Fx
3`2 − 4x2
48EIz

Note that the maximum deflection at x =
vmax
3.2.3

`
2

(18)

is

F `3
=
48EIz

(19)

Uniformly Loaded Bending

When modeling air-inflated panels, the weight of the panel is taken to be
negligible because the skins are so lightweight. For a water-inflated panel, however,
this assumption is not valid. Along with a concentrated point force that will be
applied, the weight of the water inside the panel acts as a uniformly distributed
load as shown in Figure 6.
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Figure 6: Uniformly distributed load of water
Due to the unknown stiffness of a commercial drop-stitch panel, as well as no available literature on its interaction with water, it was unknown how much deflection
would be caused by the uniform load. To prevent excessive deflection due to the
weight of the water, the span dimensions s and ` in Figure 6 were selected to
keep the initial deflection as small as possible. To minimize the initial deflection,
the ratio s/` needed to be determined such that the resulting deflection vC at the
midpoint is equal the the overhang deflections, vA and vE .
To determine an appropriate s/` ratio, two problems are considered. One
problem models the center span ` as a simply supported beam, and the other
models the overhang length s as a cantilever beam. Figure 7 shows the center
span between the supports, beam BCD.

Figure 7: Beam BCD
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From Equation 5, the deflection due to the uniformly distributed load between the
supports can be calculated. Since the reaction at each support is q`/2, the bending
moment distribution is given by
q`x qx2
−
M=
2
2

(20)

d2 y
q`x qx2
+
=
−
dx2
2
2

(21)

and Equation 5 becomes
EIz

Integrating and using the same boundary conditions as (17) results in the deflection
v and the slope of the curve v 0 .

qx
`3 − 2`x2 + x3
24EIz

(22)


dy
q
=
`3 − 6`x2 + 4x3
dx
24EIz

(23)

v(x) =

v 0 (x) =

Solving for the maximum values gives
v(`/2) = vmax

5 q`4
=
384 EIz

(24)

q`3
24EIz

(25)

v 0 (0) = θB =

For the two overhang regions, modeled as a cantilever beams, that are not accounted for in Figure 7, an additional shear force qs and moment M0 = qs2 /2 are
required at each support [21]. However, since the shearing force is directly transmitted to the support, only the M0 needs to be considered, as shown in Figure
8.

17

Figure 8: Beam BCD with applied moments
The deflection and the slope of the beam due to the moments acting at the end of
a simply supported beam are given by [23]
M0 x
(L − x)
2EIz

(26)

dy
M0
=−
(L − 2x)
dx
2EIz

(27)

v(x) = −

v 0 (x) =

Solving for the maximum values and substituting in for M0
v(`/2) = vmax = −

v 0 (0) = θB = −

M0 `2
qs2 `2
=−
8EIz
16EIz

M0 `
qs2 `
=−
2EIz
4EIz

(28)

(29)

Through the use of superposition, the total deflection at point C from (24) and
(28) is
5 q`4
qs2 `2
vC = (vmax )1 + (vmax )2 =
−
384 EIz 16EIz

(30)

which results in the total deflection due to the uniform weight of water
vC =

q`2
(5`2 − 24s2 )
384EIz

The rotation at point B from (25) and (29) can also be found,
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(31)

θB = (θB )1 + (θB )2 =

q`3
qs2 `
−
24EIz 4EIz

(32)

resulting in
θB =

q`
(`2 − 6s2 )
24EIz

(33)

To determine the deflections at points A and E, the overhang section that is modeled as a cantilever beam is shown in Figure 9.

Figure 9: Beam AB
For a cantilever beam with M = −qx/ 2, the governing equation (5) is given by
EIz

d2 y
qx2
=
dx2
2

(34)

Integrating twice with the following boundary conditions:
dy
dx

=0

y

x=s

=0

(35)

x=s

results in the deflection equation
v(x) =

q
(x4 − 4s3 x + 3s4 )
24EIz

(36)

with maximum deflection at point A.
v(0) = vA =

qs4
8EIz

(37)

Because the simply supported region is connected to the cantilever region, the
deflection at point A consists of two parts. In addition to the deflection caused by
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the cantilever beam loading on AB (37), there is a deflection associated with the
rotation of the beam axis at support B due to the load on BCD. The deflection
due to only the rotation at B is equal to θB s [23]. Equation 37 becomes
vA =

qs4
− θB s
8EIz

(38)

Substituting Equation 33 for θB ,
q`
qs4
−
(`2 − 6s2 )s
vA =
8EIz 24EIz

(39)

which results in the total deflection of point A, and because of symmetry, point E.

vA = vE =

qs
(3s3 + 6s2 ` − `3 )
24EIz

(40)

Now that the equations for vC and vA = vE have been derived, it is possible to
find the desired s/` ratio by setting vC (31) equal to vA (40).

qs
q`2
(5`2 − 24s2 ) =
(3s3 + 6s2 ` − `3 )
384EIz
24EIz
Rearranging and simplifying obtains:
 4
 3
 2
 
s
s
s
s
48
+ 96
+ 24
+ 16
−5=0
`
`
`
`

(41)

(42)

Solving numerically yields
s
= 0.403
`

(43)

For a panel with overall length of 39 inches
39 = 2s + `

(44)

and substituting s = .403` results in ` ≈ 21 in and s ≈ 9 in. For consistency,
these will be the dimensions used for all bending experiments.
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Superposition of the midpoint due to the three point bending (19) and the
uniform load from the weight of the water (31) gives
q`2
F `3
+
(5`2 − 24s2 )
vC = (vC )1 + (vC )2 =
48EIz 384EIz

(45)

which simplifies to
vC =
3.2.4

`2
(5q`2 + 8F ` − 24qs2 )
384EIz

(46)

3D Digital Image Correlation

Much of the theory behind digital image correlation is the mathematics used
in mapping undeformed to deformed images. A derivation of the algorithms used
in DIC is given in ref. [19]. These algorithms are implemented in software for
both 2D or 3D DIC. The system used for this study is the ARAMIS adjustable
metrology system, with the hardware and software developed by GOM [24]. The
U.S. distributor of the equipment, Trilion Quality Systems [25], has provided much
of the more applicable theory for 3D DIC testing, which can also be found in the
iDICs guide [18].
For 3D DIC, two cameras are required to track out-of-plane displacements. For
each camera to track deformation, the specimen needs a pattern that the cameras
can follow. This is commonly done by a series of dots, either painted or drawn on,
to form a speckle pattern. To define the field of view and pattern size, the size of
one pixel must be determined. The size of a pixel is simply the longitudinal field of
view divided by the longitudinal resolution, resulting in units of length per pixel.
The 12M camera used in this testing captures images that are 4096 pixels wide,
which is the longitudinal resolution. Through experience, it has been determined
that dot sizes of 3 to 7 pixels give best results for tracking, so multiplying the pixel
size by 3 and 7 will give a range of what size dots should be applied to the surface
of the test specimen. The program then creates a series of facets over the entire
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pattern, similar to a mesh, with an ideal facet size containing 3 to 5 speckles. The
facets can be tracked through deformation, as seen in Figure 10.

Figure 10: DIC software tracking facets through deformation
The deformation of the center points of these facets in relation to each other
determines the strain computation. The calibration prior to testing associates
each point in the left image with an epipolar line in the right image, allowing for
accurate three-dimensional tracking over the entire surface.
3.3 Preparation
3.3.1 Water-Inflation System
The first challenge of the experimental procedure is to create a system to
pressurize the panel with only water. To ensure true incompressibilty of the panel
during testing, all air should be removed from the panel by means of a vacuum
induced within the panel before filling it with water. The diagram shown in Figure
11 is the concept used to produce a panel filled entirely of water.
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Figure 11: Water-inflation diagram

Part (a) in the figure is the panel that will be mounted on the test frame.
It will be connected to a series of hoses, the first of which leads to an air-tight
55 gallon drum (b) that will store enough water to fill the panel. The first (left)
connection to the drum has a pipe (c) whose end is placed near the bottom of
the drum and will always be submerged in water. The other connection to the 55
gallon drum, which should never touch water, leads to a vacuum pump (d) and an
air compressor (e), split by a diverter valve (f). A diverter valve is a two-way valve
that opens one line and seals the other. Part (g) is the pressure gauge to monitor
the pressure throughout the system while the experiment is occurring.
The first step of the process will be to set the diverter valve to open the line to
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the vacuum pump, closing off the line to the air compressor. In practice, a vacuum
is defined as an enclosed region of space in which pressure has been reduced far
below normal atmospheric pressure [26]. For this system, the vacuum pump will
reduce the pressure in the drum, thus removing air from the panel, creating the
vacuum. Because the end of the pipe in the drum should never leave the water,
the air exiting the panel will bubble up out of the water. Part (h) in the figure
is another diverter valve, called the bleeder valve, because it is intended to bleed
the remaining air from the hose as the drum is pressurized. It also has the benefit
of sealing the panel when it is switched over. When the panel is fully evacuated,
the next step is to switch the bleeder valve so the panel is sealed off from the rest
of the system, keeping its vacuum state. The initial diverter valve should then
be switched back so only the air compressor line is open. The air compressor will
pressurize the drum, thus forcing water back up the pipe towards the panel. The
bleeder valve will allow the final bit of air in the hose to be removed. Once water
is seen exiting the bleeder valve, it is a sign that only water is left being forced
up the hose. At this point, the bleeder valve should be switched back to allow the
water to flow into the panel, and resealing the access to the atmosphere. Leaving
the pipe in the water at all times ensures that, when the drum gets pressurized
again, only water will flow up the pipe and into the panel. Because it will take
just under 16 gallons to fill the panel, a 55 gallon drum will hold sufficient water
to completely fill the panel while still leaving water at the bottom of the drum so
the pipe remains submerged.
It was discovered during preliminary research that pressure-rated tanks large
enough to hold a sufficient amount of water for this test can be very expensive and
difficult for constructing the vacuum-to-water-inflation system. Because 55 gallon
drums are not pressure-rated, some initial calculations were needed. Since the
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thickness of the lid is approximately 0.05 inches, it is expected that the internal
pressure required in the drum will cause the lid to deform. Using the theory
of flexure of plates [27], the maximum principle stress σmax and the maximum
deflection wmax can be found for thin circular plates [(h/a) < 0.1] to approximate
a safe working pressure. The drum will have a lever-lock closure to ensure enough
torque is applied for keeping it airtight, so the conditions of uniform loading with
a fixed edge will be used,
σmax

wmax =

3 r2
= p 2
4 t

pr4
3
(1 − ν 2 ) 3
16
Et

(47)

(48)

where p is the pressure, r is the radius, t is the thickness, and ν is Poisson’s ratio.
At 5 psi for a steel plate with a 11.25 in. radius and a 0.05 in. thickness, σmax =
189 ksi and wmax = 3.6 in, which seems like an unlikely deflection for such low
pressure. Because the drum lid is not perfectly flat, a CAD model of a more
accurate drum lid [28] was imported for use with Abaqus CAE [29]. A quarter-lid
finite element model of the drum lid with a 5 psi internal pressure and appropriate
boundary conditions is shown in Figure 12. The model calculated the deflection
and stress stress fields shown in Figures 13 and 14, respectively.
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Figure 12: Quarter-model drum lid with 5 psi internal pressure and boundary
conditions

Figure 13: Quarter-model drum lid deflection at 5psi
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Figure 14: Quarter-model drum lid von Mises stress at 5psi
Note the contour scale in Figure 14 is adjusted to show the range of stresses
computed in critical regions, avoiding spurious numerical singularities due distorted
element shapes. Because this was an imported CAD file, meshing was difficult
even with considerable refinement. As seen in Figure 15, the maximum value is
inconsistent with the scale of colors in the legend.

Figure 15: Displayed maximum von Mises value
To account for this, the legend was adjusted to have 80,000 psi displayed as the
maximum value for a more distinguished representation of the stress distribution.
It can be seen in Figure 14 that the maximum von Mises stress value near the
edge of the rim is approximately 65,000 psi. The von Mises stress σv refers to
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the maximum distortion criterion, or the distortion energy density criterion, often
attributed to von Mises. In terms of the rectangular components of stress, the
effective stress can be written as
r
1
2 + σ2 + σ2 )
[(σxx − σyy )2 + (σyy − σzz )2 + (σzz − σxx )2 ] + 3(σxy
σv =
yz
xz
2

(49)

and is fairly accurate in predicting the initiation of yield for most ductile metals
[27]. Assuming the drum is similar to a standard ASTM A36 steel, the yield stress
is 36,000psi and the ultimate stress is 58,000psi, meaning 5 psi would not be safe.
Because the exact lid thickness is not known and 5 psi seems relatively low, the
model will be used as a precaution to not over-pressurize the drum beyond its
yielding point.
The next challenge is to maintain the drum at the desired internal pressure
for testing. For this, a rubber gasket needs to be applied to prevent any air from
leaking near the lid. Figure 16 shows the application of the gasket.

Figure 16: Drum gasket application
As seen in the figure, the rubber gasket was glued and held down by a series of
clamps for 24 hours. Upon drying, the lid was placed on the drum and sealed shut
with the torque of the lever-lock ring.
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3.3.2

Water-Containment System

With no relevant literature on water-inflated drop-stitch panels available, not
much is known about their response. To protect the equipment during testing,
some precautions have to be accounted for in the event of the panel leaking. A
frame will be built to hold a tarp that will capture any potential spill. The width
between two columns of the testing machine is 30 inches, making this the maximum
width that can be tested. Considering some previous testing panels are just under
28 inches wide, a simple wooden frame made of two-by-fours would not allow the
panels to fit. To account for a variety of panel sizes for future testing, slight
modifications were required, as shown in the CAD model in Figure 17.

Figure 17: Water-containment frame
The slight indentations at the center will allow the frame to sit within the two
columns while still having a 28.5 in. width for a panel to fit. The length of the
frame was decided to be 8 feet long, which is approximately the maximum length
that would allow a 12 foot tarp to fit.
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3.4

Testing Setup
A comparison of the air and water-inflated panels are focused on inflation and

three-point bending experiments. For the bend test, the dimensions from Section
3.2.3 will be 21 inches between the two bottom supports and 10.5 inches between
the head and each support, making it a centrally applied force. The MTS testing
machine includes force and displacement transducers to record load vs. deflection
data [30]. The panel is to be inflated with both water and air at 5, 7.5 and 10 psi
for 1 in. deflections. The cameras are mounted above the panel for DIC along with
a laser displacement gage below the panel to measure bottom-center deflections.
A pressure sensor that is capable of reading both air and water pressure will be
used for inflating the panel, and is accurate up to ±0.25% [31]. A plot of the panel
bending response for each pressure can then be acquired in units of pounds force
per inch of deflection (lb/in) for both water and air. Figure 18 shows the simply
supported panel mounted in the three point bending fixture.

Figure 18: Three-point bend testing frame
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The testing facility will be modified for the water testing so the water can be
contained in case of a spill. Figure 19 shows the wooden frame and tarp that will
capture any potential spillage, and Figure 20 shows the panel in a vacuum state
before water-inflation.

Figure 19: Wooden frame with tarp

Figure 20: Vacuum-induced panel
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As seen in the figure, temporary wooden planks are used to support the panel as
it is being filled with water because an empty panel has essentially no stiffness.
Once the panel reaches sufficiently high pressure, it will gain the stiffness required
to span the two supports without the temporary planks. Because the wooden
planks are slightly lower than the frame, they can easily be slid out as the panel
is pressurized as seen in Figure 21.

Figure 21: Water-inflated panel at 10 psi resting only on the supports
The purpose of inflating the panel with water directly on the testing setup is
because it holds approximately 15 gallons of water, which weighs over 120 pounds.
An inflation test with both air and water will also occur to measure initial
strains prior to bending. Images are to be captured every 0.5 psi and analyzed with
the 3D DIC system. The strains will be captured up to 10 psi to correlate with
pressures evaluated in the bending experiments. The air-inflation test will occur
on the floor to avoid any bending deformation in the panel. Due to the weight of
the water-inflated panel, it will be tested on a metal plate that is resting on the
testing frame so it can be transitioned directly into bend testing, as seen in Figure
22. Both the air-inflated panel experiments are performed first in case exposure
to water acts to degrade the mechanical properties of the panel.
32

Figure 22: Water-inflation test setup
As shown in the figure, a small square was speckled with fine dots via spray
paint mist. Relating back to the theory of DIC in Section 3.2.4, the size of the dots
correlates to the desired field of view. A small field of view is required for inflation
testing to obtain the localized strain fields. A larger field of view for capturing
bend tests requires larger dots, as shown on the opposite side of the panel.
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Figure 23: Bend test speckle pattern
These dot sizes can also be obtained with spray paint, but the nozzle of the can
has to be held down much lighter to get larger dots. The relation between the two
dot sizes can be seen in Figures 24 and 25. Both of the images were captured at
the same field of view, but as seen, the patterns are greatly effected by how much
pressure is applied to the spray paint nozzle.

Figure 24: Inflation test speckle pattern
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Figure 25: Bend test speckle pattern

Because 3D DIC is being utilized, two cameras are required. The proper
lighting will be arranged adjacent to the cameras as seen in Figure 26 so the
speckle patterns stay illuminated and can be properly tracked in the software.

Figure 26: Cameras with surrounding lights
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With a 3D system, the cameras have to be calibrated prior to each test. Since
the bend test will have a larger field of view, two different calibration tools are
required.

Figure 27: Calibration panel

Figure 28: Calibration cross

Figure 27 shows the calibration panel for smaller fields of view, and Figure 28
shows the calibration cross for larger ones. Both calibration tools have dots that
are precisely measured down to micron, and certified by the system manufacturer.
Capturing pictures of the calibration objects at various orientations, angles, and
distances creates a depth of view that the cameras can track, called the working
volume. Once everything is calibrated, a surface component is created in the GOM
DIC analysis software to evaluate pattern quality prior to testing. Initial surface
components of an inflation test and a bend test can be seen in Figures 29 and
30. Note the updated coordinate systems. For convenience of the software, the
xy-plane will be the top surface of the panel, and the z-direction will be vertical.
For the bend test, there was an unavoidable area on the rounded corner of the
panel where the light would be reflecting back into the cameras, preventing any
data to be recorded from these regions.
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Figure 29: Inflation test reference frame

Figure 30: Bend test reference frame
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CHAPTER 4
Results
The concept of pressurizing a 55 gallon drum successfully resulted in the
inflation of a drop-stitch panel with only water. Upon pressurization, the drum lid
began to deflect at approximately 10 psi and yielded around 13 psi.

Figure 31: Plastically deformed drum lid
It is significant that that drum could withstand over 10 psi due to the height
difference from the drum to the panel. In order to reach the panel, the water
had to be elevated approximately 2 feet, which correlates to an additional 1 psi
required.
The drum also worked successfully as a vacuum system. The vacuum-induced
drum did not affect the drum lid, so there was no worry about fracture due to fatigue from repeated stress. The pressure gauge read 0 psi at atmospheric pressure,
and drops to -1.2 psi in order to remove all of the air from the panel.
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Figure 32: Minimum pressure recorded to achieve vacuum-induced panel
4.1

Inflation Testing
Inflation tests for both air and water-inflated panels were conducted up to 10

psi. As the panel was initially inflating, it began to take shape at approximately
0.5 psi. Thereafter, pictures were attempted to be taken every 0.5 psi, but only
the values of 5, 7.5, and 10 psi were analyzed. The inflation of air was straight
forward, as it was possible to directly monitor the pressure from the air compressor
into the panel. The inflation of water was more difficult because only one pressure
gauge was available. As seen in Figure 11, the pressure gauge (g) was placed on
the air side of the drum to ensure the internal drum pressure could be monitored.
Because of this, the pressure gauge would need be removed every so often and
placed between the panel and the first diverter (h) in order to capture the panel’s
current pressure. The panel was sealed with a valve (not shown) before the pressure
gauge was moved to ensure no loss of pressure. Although a slow process, pictures
were taken at the desired 5, 7,5 and 10 psi. Figures 33 - 38 show strain profiles
in the x-direction, as well as the average strains in both directions, where x and
y are the warp and weft directions, respectively. Note the significance of threedimensional DIC compared to two-dimensional, as much of the strain seems to be
out-of-plane strain due to the drop stitches pulling on the skin.
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Figure 33: 5 psi air-inflation test

Figure 34: 5 psi water-inflation test
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Figure 35: 7.5 psi air-inflation test

Figure 36: 7.5 psi water-inflation test
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Figure 37: 10 psi air-inflation test

Figure 38: 10 psi water-inflation test
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Table 1: Average strain values (%) of the skin surface in the warp x and weft y
directions
PSI
5
7.5
10

Air-Inflated
avg(epsX) avg(epsY)
0.538
0.580
0.786
0.817
1.030
1.051

Water-Inflated
avg(epsX) avg(epsY)
0.681
0.928
1.041
1.320
1.198
1.506

Table 1 consolidates the data from the figures 33 - 38. From the table, it is
apparent that inflating the panel with water results in higher strains than those
observed using air-inflation. This is unanticipated because the force experienced
on the inside of the panel should be similar with equal pressures, regardless of
whether the inflating fluid is air or water. Differences in strain may be attributed
to differences in compressibility of the fluid and/or the possibility that exposure
to water degrades the stiffness of the panel material.
4.2

Three-point Bending
From inflation testing, strain values were calculated via the DIC software with

a reference image at 0.5 psi, as shown in Figure 29. To determine additional strains
for bend testing, the new reference image will be at the desired pressure before
the concentrated load is applied, as shown in Figure 30. Three-point bend tests
were conducted at 5, 7.5, and 10 psi for both air and water-inflated panels, and
the axial strain profiles for each pressure can be shown in Figures 39 - 44.
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Figure 39: 5 psi air-inflated panel axial strain

Figure 40: 5 psi water-inflated panel axial strain
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Figure 41: 7.5 psi air-inflated panel axial strain

Figure 42: 7.5 psi water-inflated panel axial strain
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Figure 43: 10 psi air-inflated panel axial strain

Figure 44: 10 psi water-inflated panel axial strain
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The axial strain is in the warp direction, or the length of the panel, and
was chosen for analysis because this is the dominant strain induced in three-point
bending. Typically, the top surface of a panel under bending is in compression
and the bottom surface is in tension. However, many of these figures show the
majority of the sidewall is in compression. Although the water-containment system
prevented the ability to view the underside of the panel, Buglio [17] analyzed the
bottom surface of an air-inflated panel with 3D DIC to view the strain of the skin
in tension. In these experiments, additional strains from bending are minimal, and
there seems to be a negligible difference in the axial strain values between the air
and water-inflation methods.
In addition to the MTS machine measuring the deflection of the loading pin, a
laser displacement gage was placed below the panel to measure deflection. Because
the DIC cameras were viewing only the top of the panel, the laser was required
to measure the true deflection of the center of the bottom of the panel. The
MTS recorded a value for the deflection and load every second, and the laser
recorded a value for the deflection every tenth of a second. Therefore, the data
was synchronized by taking every tenth value of the laser deflection and correlating
it to the appropriate load.
For the air-inflated panel, the order of testing was not vital, so it was completed in the order of 5, 7.5, then 10 psi. For the water-inflated panel, testing
occurred in the reverse order. The reason for beginning at the highest pressure
was due to the assumption that this is when the panel would be the most stiff,
therefore making it the most flat, as seen in Figure 21. A perfectly flat panel was
desired because it would be the best initial position to “zero” the laser sensor.
When filled with water, it was seen that the panel at lower pressures (< 5 psi)
was not stiff enough to maintain its shape on the supports. Even at 5 and 7.5 psi,
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initial deflections were recorded from the panel beginning to lose its shape as the
pressure was lowered, but the high accuracy laser accounted for this. The laser
was not reset between tests, therefore all deflections are measured from when the
panel had zero deflection. Table 2 shows a detailed analysis of the laser deflection
data. The initial deflection shows how much deflection occurred away from the
zero position prior to the loading pin force, and the bending deflection is simply
the difference of the maximum and initial values.
Table 2: Laser Rangefinder Deflection Data (in inches)
PSI
5
7.5
10

Initial
0.0006
0.0006
0.0006

Air-Inflated
Maximum Bending
0.9247
0.9241
0.9626
0.9260
0.9848
0.9842

Initial
0.1984
0.0873
0.0006

Water-Inflated
Maximum Bending
1.0834
0.8850
0.9907
0.9034
0.9235
0.9229

Measuring the deflection of the bottom of the panel with the laser ensures
that the maximum force recorded correlates to the true maximum deflection of the
panel. The maximum deflections were recorded for all tests, and the corresponding
forces can be seen in Table 3.
Table 3: Forces corresponding to maximum deflections
PSI
5
7.5
10

Air-Inflated
Deflection Force (lbs)
0.9247
130.07
0.9626
176.17
0.9848
214.86

Water-Inflated
Deflection Force (lbs)
1.0834
147.37
0.9907
197.05
0.9235
226.35

Notice the maximum deflections slightly vary. One reason for this is due to the
manual control of the load head. Following each test, the head was raised to
adjust the panel to its next pressure, but this meant that every test it had to be
realigned. The MTS deflection data will always read 0 - 1 inches, but the panel
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will not deflect exactly 1 inch unless the loading pin is perfectly placed on the
panel prior to testing. Table 4 shows the maximum deflections from the top of the
panel that were acquired with DIC.
Table 4: Maximum values for deflection via DIC
PSI
5
7.5
10

vmax,air
0.9170
0.9096
0.9116

vmax,water
0.8794
0.8930
0.8973

For each test, the DIC software calculated the maximum deflection to be approximately 0.1 inches (≈ 10%) short of the full 1 inch deflection, which is significant
for such a small deflection. Unfortunately, the valve began to leak water at its
peak of around 230 lbs, therefore verifying that a 1 inch deflection was the limiting
displacement to be tested for this panel. The leak was likely due to the slight
modification of the valve in order to get the vacuum system to function properly,
so an unmodified drop-stitch panel should not have this problem. Figures 45 50 show the DIC deflection profiles that were created to determine the maximum
deflection as close to the loading pin as possible.
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Figure 45: 5 psi air-inflated panel deflection

Figure 46: 5 psi water-inflated panel deflection
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Figure 47: 7.5 psi air-inflated panel deflection

Figure 48: 7.5 psi water-inflated panel deflection
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Figure 49: 10 psi air-inflated panel deflection

Figure 50: 10 psi water-inflated panel deflection
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Using the deflection of only the loading pin, Figure 51 shows the data that
was acquired with the MTS machine.

Figure 51: MTS Load vs. Deflection Data
From the figure, it appears the water-inflated panels exhibit higher stiffness than
the air-inflated panels, but that is misleading because the weight of the overhangs
in the water-inflated test acts to reduce the deflection induced by concentrated
load. Utilizing the laser to obtain precise deflections, a more in-depth analysis will
be required to compare air and water-inflated panels.
4.2.1

Classical Beam Theory

Due to the nature of the experiment, it is difficult to directly compare the
stiffness of air and water-inflated panels. Similar to Buglio [17], one method for a
comparison of the results is to find an effective modulus Eef f of the beams at each
pressure from the midpoint deflection equation (46). Equation 46 can simply be
rearranged to find the values of Eef f .
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Eef f =

`2
(5q`2 + 8F ` − 24qs2 )
384vC Iz

(50)

The first unknown value is Iz . From Equation 15, the values of h = 4 in, w = 20 in,
and t = 0.05 in. are substituted in to obtain Iz = 3.2017 in4 . The next unknown
value is q. For the purpose of relating air and water-inflated tests with Equation
50, the weight of the panel skin will be considered. The panel is approximately 39
inches and weighs 9 lbs [1], therefore the uniform load due to the skin that will be
used for the air-inflated calculation is qair = 0.23 lb/in. The uniform load qwater
can also be determined, as it is directly correlated to the volume of the water inside
the panel. Referring back to Figure 5, the cross-sectional area of the panel is given
by

A = 2dw + πri2

(51)

or from (9) and (13),

A = (h − 2t)w + π

2
h
−t
2

(52)

which results in A ≈ 90 in2 . Multiplying the cross-sectional area by 1 in. results
in a volume of a 1 inch “slice” of the panel. Filling this volume with water results
in 3.25 lbs/in of water. Adding this to the load from the skin, the value of the
uniform load for the water-inflated testing is qwater = 3.48 lbs/in.
Using Equation 50 with the experimental data from Table 3 and the values of
s and ` from Section 3.2.3, Eef f can be determined for each test. Table 5 shows
the effective moduli for the six bend tests.
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Table 5: Effective moduli for air and water-inflated bend tests (in kpsi)
PSI
5
7.5
10

Eef f,air
8.4758
11.020
13.132

Eef f,water
8.4739
12.280
15.080

As seen in the table, inflating the panel with water acts to increase the effective
modulus of a panel under bending. At 5 psi the moduli were similar, but the higher
pressures show that the modulus of the water-inflated panel was certainly greater.
It seems that as the pressure increases, the effect of water is actually greater, and
it is not a linear relationship.
Although the effective moduli were not captured at equal deflections for each
test, it can be assumed the chosen deflection should not be significant due to
the linear behavior that the panel stiffness portrays (Figure 51). This is useful
information, as the results of a 1 inch deflection are most likely equal to the results
of an increased deflection, as long as the linear effect remains. From Smith [7],
the stiffness of the drop-stitch panel remained linear up to 6 inches of deflection,
verifying that only a 1 inch deflection test is necessary for obtaining values of the
effective elastic moduli. Neglecting the initial spike of when the load head comes
in contact with the panel, Figure 52 shows that the effective moduli are relatively
constant after 0.5 inches of deflection.
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Figure 52: Behavior of the effective moduli during bending
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CHAPTER 5
Conclusions and Future Research
5.1

Conclusions
The experimental procedure for pressurizing a drum to inflate a drop-stitch

panel with water was deemed successful. The vacuum system removed all of the
air from the panel, and the bleeder valve assisted in ensuring only water was being
forced into the panel. The panel showed signs of leaking at the valve at around
230 pounds of applied force, but no pressure drops were recorded for any air or
water-inflated test.
The setup and calibration for the 3D DIC proved to be effective, as the speckle
patterns for all tests were able to successfully be tracked by the software. Two
different fields of view were prepared for via the speckle patterns and the calibration. Even for the nominally flat surface examined during the inflation tests, use
of 3D DIC proved to be critical due to the out-of-plane deformations associated
with drop stitch tension and resulting localized bending of the skin. These effects
would be difficult to characterize using 2D DIC.
The results of the inflation tests showed increased strains with inflation pressure. In comparing air vs. water-inflated panels, significant differences were observed, with water-filled panels exhibiting larger strains. These differences could
potentially be attributed to exposure to water degrading the stiffness of the drop
stitch constituent materials and/or water’s low compressibility as compared to air.
During the panel bending experiments, the mid-span deflection at the bottom of the panel was measured using a laser displacement gage. For the waterfilled panels inflated to less than 5 psi, the panels exhibited large deformation just
due the weight of the water. At pressures above 5 psi, the force associated with
nominal deflections of 1 inch were higher for the water-inflated panels, suggesting
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that water-filled panels exhibit overall higher stiffness than comparable air-inflated
panels. Similarly, the slopes of load vs. actuator displacement were higher for the
water-filled panels as compared to the air-inflated panels. Classical beam theory
was applied to estimate the effective skin modulus from the load vs. mid-span deflection data. These results indicate an increase effective modulus for water-filled
vs. air-inflated panels, with increased differences at higher pressures.
5.2

Future Research
To isolate the effect of bending due to concentrated loading from that of dis-

tributed loading associated with the weight of the water, future studies could devise
a load configuration in which the panel is mounted vertically with a horizontally
applied load.
Another suggestion for future studies is to create a more reliable method
of inflating the panels with water. The method developed in this research was
successful, but only allowed a maximum pressure of approximately 10 psi. Higher
pressures could be achieved through use of a water column or a pressure-rated
water tank. Testing panels at pressures higher than 10 psi ensures the waterinflated panels will be able to hold their own weight.
The experimental procedure would be improved by the addition of a second
pressure gage, one to monitor the pressure in the drum/tank, and the other to
directly monitor the pressure inside the panel. This would assure that in comparing
air-inflated and water-filled panels that the pressures were equivalent
Future studies could investigate the effect of water’s low compressibility as
compared to air, particularly in developing the analytical formulas relating inflation
pressure to induced stresses in the skin. It would also be of interest to measure
the weight of the water-inflated panels at each pressure, thus determining how
much the water is stored in the panel during the bending experiments. Since more
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water correlates to an increased uniform load, this effect should be considered in
estimating effective skin moduli.
Other suggestions for future research include examination of the effects that
long-term water exposure have on drop-stitch material properties and development
of finite element models for drop-stitch inflatable panels that include the effects of
the weight and compressibility of the inflation fluid.
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